An alternative technique, which is less influenced by tumor-and patient-related factors, is required to overcome the limits of GLM analysis of fMRI data in patients. The aim of this study was to statistically assess differences in the identification of language regions and hemispheric lateralization of language function between controls and patients as estimated by both the GLM and a novel combined ICA-GLM procedure.
very year in the United States, approximately 200,000 patients are diagnosed with primary or metastatic brain tumors. Because preventive care is not possible, clinical interventions include correct diagnosis and, in most cases, surgery. 1 The target of an effective surgical treatment is tumor removal while preserving the functional integrity of eloquent cortical regions and preventing undesirable postoperative functional deficits. 2, 3 Presurgical mapping by using BOLD fMRI is now a widely available procedure allowing noninvasive neurosurgical planning. 4, 5 Mapping language function distribution and identifying the dominant hemisphere are important for preserving the eloquent cortex. 6 Despite the utility of fMRI for language mapping in clinical settings, it remains underused. Limits may be related to the technique itself, which indirectly measures cerebrovascular coupling through hemodynamic modifications during taskrelated activation. fMRI activations are usually obtained by fitting data to a predetermined hemodynamic response curve based on normal subjects according to the classic GLM. 7 This assumes a normal hemodynamic response and accurate task performance. Both conditions may not always occur in patients with brain tumor due to a decoupled neurovascular response and hindered task-related performance. 8 We propose the use of ICA in conjunction with the GLM to overcome the limits of classic fMRI data analysis and to minimize the risk of type II error (ie, failing to obtain statistically significant activations when effects are genuinely present). 9 The methodologic strength of ICA consists of separating spatially independent patterns of synchronized neural activity. This separation occurs without any a priori knowledge and, therefore, does not rely on a predefined hemodynamic response model. 10 Thus ICA should be less influenced by tumorinduced modifications of function and anatomy or by patientrelated response factors. Because differences in the ICA and GLM can only be assessed at a qualitative level, we adopted a novel combined ICA-GLM approach, which allows a direct quantitative comparison. We independently evaluated differences in the identification of language regions and modifications in hemispheric lateralization of language in patients with brain tumors and healthy controls by using the GLM and ICA-GLM.
Materials and Methods
All participants gave written informed consent, and this study was approved by our local ethics committee. We retrospectively evaluated 42 consecutive patients without aphasia (20 women; age range, 18 -72 years; mean age, 46.5 years) with nonoperated left frontal and/or temporoparietal lobe brain gliomas. Patients underwent BOLD fMRI. A control group of 14 age-matched healthy volunteers (6 women; age range, 19 -69 years; mean age, 41.2 years) completed an identical fMRI protocol. All subjects had normal hearing and vision and were right-handed as determined by the Edinburgh Handedness Inventory test (laterality quotient of Ͼ80).
11 Aphasia was evaluated by using the Test of Reception of Grammar. 12 Training consisted of performing fMRI protocols during an "off-scanner" overt simulation session. An expert neuroradiologist (M.C.) used 3D T1-weighted highresolution anatomic and pre-and postgadolinium images to manually segment and calculate tumor volumes. Brain gliomas were classified as histologically high (WHO III-IV) or low (WHO II) grade, "anterior" or "posterior" with respect to the AC, and "close" or "distant" with respect to language regions (based on a predefined distance of 15 mm from the left IFG or TPJ). 13 Subjects silently performed 2 different orthographically cued block-designed lexical retrieval tasks: WGt and VGt. In VGt, five 20-second rest periods were alternated with four 30-second task periods during which subjects thought of pronouncing words beginning with letters presented at the center of the screen. In VGt, four 30-second task periods were alternated with five 20-second rest periods during which subjects thought for 2 seconds of pronouncing Ն1 verb associated with a noun, presented at the center of the screen for 1 second. During rest periods, subjects relaxed while fixating on a central cross. Visual stimuli were presented by using E-Prime, Volume 1.1 (Psychology Software Tools, Sharpburg, Pennsylvania) projected via an LCD projector and mirror.
Data were acquired with a 1.5T Magnetom Vision scanner (Siemens, Erlangen, Germany). BOLD contrast functional images were T2*-weighted echo-planar free induction decay sequences (TR/TE ϭ 2000/60 ms, matrix ϭ 64 ϫ 64, FOV ϭ 256 mm, in-plane voxel ϭ 4 ϫ 4 mm, flip angle ϭ 90°, section thickness ϭ 4 mm). A total of 105 and 115 volumes were acquired, respectively. Structural images were acquired with a sagittal 3D MPRAGE sequence (matrix ϭ 256 ϫ 256, FOV ϭ 256 mm, section thickness ϭ 1 mm, in-plane voxel ϭ 1 ϫ 1 mm, flip angle ϭ 12°, TR/TE ϭ 9.7/4 ms).
Brain Voyager QX 1.9 (Brain Innovation, Maastricht, the Netherlands) was used for data analysis. Time series were corrected for section timing and head motion and linearly detrended to remove slow signal-intensity drifts. Then, they were coregistered to the anatomic image and normalized to Talairach space at a 3-mm spatial resolution by a bounded-box rigid-body transformation 14 for group comparisons. Spatial normalization of the structural volumes consisted of manually aligning the 3D MPRAGE dataset of each subject with the stereotaxic axes: AC-PC and 2 rotation parameters for midsagittal alignment. Then the extreme points of the brain (anterior, posterior, right/left lateral, and inferior/superior) were specified. The 8 coordinates were used to scale the 3D datasets to the standard brain of the Talairach and Tournaux atlas 14 by using a piecewise affine and continuous transformation.
In the patient group, none of these extreme points contained the tumor. Therefore, the tumor was incorporated in the normalized space without influencing normalization. An expert neuroradiologist (C.B.) verified spatial normalization by calculating the distance between the AC and lateral points of the hemispheres; differences were evaluated by using a paired t test. No spatial smoothing or high-pass filtering was applied. Statistical activation maps were generated according to 2 different analysis methods: GLM and ICA-GLM (Fig 1) .
The GLM was based on a predictor obtained by the convolution of the boxcar waveform representing task and rest conditions with the Boynton hemodynamic response function implemented in BrainVoyager QX. 15 The significance of voxel activation was measured by testing the correspondence between the BOLD time series with the predictor expressed in terms of t-scores. For ICA-GLM, the BOLD time series was decomposed into a set of independent spatiotemporal patterns, specifically ICs, 10 by means of the Fast ICA algorithm. 16 Each fMRI IC map was scaled to z scores 10 and thresholded at z Ͼ 1.5 to display IC active voxels. 10, 17 The ICA decomposition provided ICs with substantially different temporal and spatial profiles (Fig 2A, -C) . After excluding artifactual ICs based on the IC fingerprint method, 18 we selected the IC response curve showing the largest correlation coefficient with the predictor. In addition, we evaluated the power spectrum ranking as proposed by Moritz et al, 19 to validate our approach and ensure that the same IC could be consistently selected with both methods (Fig 2B) . Then we created a mask by using fMRI IC activations and performed the GLM on the masked fMRI data by using the IC time course as a predictor. This ICA-GLM analysis provided a statistical map in t-scores that were directly compared with those obtained with the GLM. Statistical analyses were performed by using the Statistical Package for the Social Sciences, Version 17.0 (SPSS, Chicago, Illinois). To test the hypothesis that patients showed different brain responses to experimental tasks with respect to healthy subjects, we analyzed correlation values between the GLM predictor and corresponding activation time course estimated with ICA as a measure of correspondence between an ideal and estimated brain response. Because correlation coefficients may not be normally distributed, they were converted to z scores by using the Fisher r-to-z transformation. 20 The statistical significance of correlation coefficients for both groups was evaluated by using the Pearson correlation coefficient with a Bonferroni correction for multiple comparisons (P Ͻ .05). The differences in correlation coefficients between the control and patient groups were evaluated by using a 2-tailed t test (P Ͻ .05). The GLM and ICA-GLM statistical maps were compared by testing their sensitivity in detecting significant activation in the right and left Broca (IFG) and Wernicke (TPJ) regions of controls and patients and by analyzing the imaging results of hemispheric lateralization of activated areas.
Two blinded neuroradiolgists (M.C., R.E.), in consensus, verified the presence of significant activations (P Ͻ .001; minimum cluster size, 4 voxels) within the IFG and TPJ in each hemisphere of each subject, separately for the GLM and ICA-GLM. The presence/absence of activation in each area was expressed in terms of a yes/no judgment (Table) . Differences were assessed with the McNemar nonparametric test (P Ͻ .05).
To assess the hemispheric lateralization for language, statistical maps were obtained by computing the number of active voxels in the left (Vl) and right (Vr) hemisphere and calculating the LI ϭ (Vl Ϫ Vr) /(Vl ϩ Vr). By definition, the LI ranges between Ϫ1 and ϩ1: left lateralized if LI Ͼ is ϩ0.20, right lateralized if it is ϽϪ0.20, and bilateral (ie, not lateralized) if it is between ϩ0.20 and Ϫ0.20.
21 Because the LI varies at different statistical thresholds, we calculated the MLI obtained at multiple thresholds between P Ͻ .164 and the least stringent P value defined as either LI ϭ Ϯ1 or no activation. 22 The
MLIs of each subject for the 2 language tasks were used for statistical comparisons. ANOVA was used to test the effect induced by task (WGt, VGt) and group (controls, patients) on MLI obtained by using the GLM and ICA-GLM. To assess the influence of motion artifacts in LI computations with the GLM, we created an additional model in which movement parameters were added as covariates, and we evaluated differences with a paired t test. To test the influence of the selected z score (z ϭ Ͼ1.5) in the LI computation with ICA-GLM, we compared LIs obtained by using lower (z ϭ Ͼ1) or higher (z ϭ Ͼ3) thresholds (paired t test; P Ͻ .001). Next, to examine potential differences of MLI induced by the use of the GLM and ICA-GLM in patient and control groups, we performed a 2-way ANOVA, with task (WGt, VGt) and method (GLM, ICA-GLM) as factors. In the patient group, we further investigated the effects on the LI induced by different thresholds with a 3-way ANOVA with task (WGt, VGt), method (GLM, ICA-GLM), and threshold (13 levels) as factors.
Statistical differences due to tumor grade, position, and relationship to cortical language regions were evaluated by using the Student paired t test. The relationship between the MLI and tumor size was evaluated by using linear regression analysis.
Results
None of the patients or controls were classified as aphasic. Everyone comprehended and performed the language protocols during training sessions. Outline of the ICA-based GLM analysis. The procedure can be divided into 3 steps: 1) The fMRI time courses are decomposed by means of spatial ICA, and the IC showing the largest correspondence with the predictor is selected; 2) a spatial mask is created by thresholding the IC map, which is applied to the fMRI data; and 3) GLM analysis is performed on the masked fMRI time course as brain response data, by using the IC model.
Gliomas were classified as low in 18/42 and high in 24/42 patients. 23 The volumes of gliomas ranged between 739 and 141,000 mm 3 (mean, 29,855 Ϯ 30,729 mm 3 ). Twenty-four of 42 tumors were classified as anterior and 18/42, as posterior. Thirteen of 42 tumors were classified close to and 29/42, as distant from cortical language regions.
In no case did the tumor determine either a considerable shift of the hemispheric midline or an anatomic deformation of the AC or PC. No statistical differences were observed in the distances between the AC and lateral points of controls and patients, indicating that tumors did not compromise spatial normalization.
Statistically significant correlations between the GLM predictor and the corresponding activation time course estimated by ICA were obtained for patients and controls with WGt and VGt (P Ͻ .001, Bonferroni-corrected). In addition, we observed a statistically significant reduction of average correlations for patients with respect to controls for both WGt (P ϭ .02) and VGt (P ϭ .02).
The GLM detected significant activations of the left IFG in 40/42 and the left TPJ in 27/42 patients; lower frequencies were observed in right homologous regions of patients (IFG, 36/42; TPJ, 13/42). ICA-GLM detected significant activations of the left IFG in 42/42, the left TPJ in 38/42, the right IFG in 36/42, and the right TPJ in 13/42 patients (Table and Fig 3) . The McNemar nonparametric test revealed a significant difference between methods in left TPJ activation (P Ͻ .005), demonstrating a higher sensitivity of ICA-GLM in detecting language activations specifically in this area. No significant differences across methods were observed in language areas in controls.
In controls, the GLM in both tasks provided left-lateralized maps in 12/14 subjects, with a mean MLI of 0.50 Ϯ 0.25 for WGt and 0.49 Ϯ 0.22 for VGt (Fig 4) . With WGt, 21/42 patients were left-lateralized, 20/42 were nonlateralized, and 1/42 was right-lateralized. With VGt, 24/42 patients were leftlateralized, 16/42 were nonlateralized, and 2/42 were rightlateralized (Fig 4D) . On average, patients showed an MLI of 0.23 Ϯ 0.25 and 0.28 Ϯ 0.26 for WGt and VGt, respectively. A 2-way ANOVA with group (control, patients) as the betweenfactor and task (WGt, VGt) as the within-factor revealed only a main effect for group [F(1,54) ϭ 12.45, P Ͻ .001] without a significant interaction between-factors. In general, the GLM showed significantly lower MLI in patients compared with controls in both tasks. This is consistent with the idea of a reorganization of the global amount of language activation toward the nondominant right hemisphere induced by tumors. Results did not change when adding movement parameters as covariates in the GLM, in both controls and patients; this finding suggests that differences of MLI in the 2 groups cannot be attributed to movement alone.
Next, we analyzed MLIs obtained with ICA-GLM. IC maps were thresholded at z Ͼ 1.5 because no differences in LIs were observed by using a lower (z Ͼ 1; P ϭ .11) or higher (z Ͼ 3; P ϭ .57) threshold. In controls, WGt lateralized language to the left hemisphere in 13/14 subjects, while 1 of 14 subjects was nonlateralized (Fig 4) . With VGt, all control subjects were leftlateralized. The mean MLI was 0.52 Ϯ 0.20 for WGt and 0.54 Ϯ 0.21 for VGt. In patients, the WGt showed that 25/42 individuals were left-lateralized, 16/42 were nonlateralized, . The bar charts in the lower left-hand corners show the correlation coefficients of the first 4 ICs and the task predictor; the chosen IC is displayed in red. In controls, both the GLM and ICA-GLM show activation in the IFG and TPJ. In patient 1 (left parietal glioma), the ICA-GLM activates both the IFG and TPJ, whereas the GLM activates only the IFG. In patient 2 (left temporal glioma), the ICA-GLM activates both the IFG and TPJ, whereas no language regions are detected with the GLM. In patient 3 (left temporal glioma), the ICA-GLM activates only the IFG, whereas no language regions are detected with the GLM. A paired samples t tests comparing the effect of tumor location and grading did not yield statistically significant differences in the MLI. In addition, linear regression analysis did not indicate the presence of a statistically significant correlation between tumor size and the MLI in either group for both tasks.
Comparison of the GLM and ICA-GLM
Next, we tested potential differences in the MLI between the GLM and ICA-GLM, separately for patient and control groups. A 2-way repeated-measures ANOVA, with task (WGt, VGt) and method (GLM, ICA-GLM) as factors was performed in each group. In controls, we did not find any significant effects or interactions, suggesting that the 2 methods did not provide significantly different results in assessing MLI. However, when the same analysis was performed in the patient group, a significant reliable effect of method was found [F(1,41) ϭ 9.59, P Ͻ .005], with no interaction with task. These results suggest that in patients with brain tumors, the ICA-GLM approach provided MLIs more lateralized to the dominant hemisphere, regardless of the language task used.
We further investigated differences across methods in the patient group by evaluating the variation of LIs at different statistical thresholds. MLI represents the median of the LI scores obtained at different thresholds, a procedure that minimizes the effect of the arbitrary choice of a particular threshold. When one refers to patient studies, this is particularly crucial due to clinical implications. However, it is also possible to track the evolution of the LI from very lenient uncorrected to very strict thresholds, especially because patients are usually studied individually.
We performed a 3-way ANOVA on the patient group with task (WGt, VGt), method (GLM, ICA-GLM), and threshold (13 levels) as factors and found a significant main effect for method [F(1,41) ϭ 4.20, P Ͻ .05] and threshold [F(12,492) ϭ 13.22, P Ͻ .0001]. These 2 factors interacted [F(12,492) ϭ 2.88, P Ͻ .001], indicating a stronger dependence of the GLM, compared with ICA-GLM, on the statistical threshold. However, the results also showed a significant 3-way interaction, implying that this pattern differed across tasks. Therefore, we analyzed the relationship between the LI and threshold separately for each task, by using a 2-way ANOVA (method, threshold). A significant interaction between method and threshold [F(12,492) ϭ 5.55, P Ͻ .0001] was found only for VGt (Fig 5) . When restricting the analysis to ICA-GLM, we found no main effect of threshold, consistent with the idea that this method was independent of threshold.
Discussion
Although invasive and spatially limited, intraoperative electrocortical stimulation continues to be the reference method for surgical brain mapping. Similarly, the Wada test remains the criterion standard for determining hemispheric dominance. 24 , 25 Several attempts have been made to replace these with less invasive modalities. Thus fMRI is now considered a valid and reliable alternative for brain mapping and language lateralization.
26,27
Although fMRI is an appropriate technique for detecting functional reorganization induced by the presence of a brain tumor, its clinical use can be affected by biases. 28, 29 Classic fMRI analysis (GLM) measures cortical activity by fitting data to a predetermined normal hemodynamic response curve. 7 This normal condition does not necessarily occur in the presence of overt neuropathology such as glioma. Patients may differ from controls in the way they execute tasks. Brain tumors, growing in a rigid structure, cause a buildup of intracranial pressure, altering the normal hemodynamic process of hemoglobin oxygenation in surrounding veins. 30, 31 Brain tumors may influence BOLD effect by releasing vasoactive substances and/or neurotransmitters. 32 Disease-induced pathology and/or medications may alter psychological factors such as cognition and attention; this change compromises normal execution of tasks and subsequently renders rigid data analysis ineffective.
To evaluate the effects of the above-mentioned limitations, we compared 2 different methods of fMRI data analysis in this study, a classic hypothesis-driven method (GLM) and an alternative combined method, a novel ICA-GLM-based approach. 9, 33 ICA was previously used in fMRI studies of language to map transient randomly occurring neuropsychological events without an a priori knowledge of the paradigm. 34, 35 Our ICA-GLM approach called for selecting the IC that presented the largest temporal correlation coefficient with the language task predictor and which, consistent with a recent study, 36 usually revealed the contemporary activation of the left IFG and TPJ (Table) . The fact that a single IC visualized both the anterior and posterior regions for speech is also consistent with studies on resting-state functional-connectivity MR imaging, which reported that these regions were functionally connected. 37 We observed significantly lower correlation values between ideal and observed activation time courses in patients, implying that brain responses in patients with glioma are less predictable. However, on the basis of observed results, we cannot determine the extent to which these differences reflect a modification in cerebral hemodynamic response or an intrinsic difficulty experienced by patients in performing tasks. We intentionally included only patients without aphasia capable of performing language tasks adequately, to limit the influence of task performance. The most likely explanation was that both factors influenced the GLM and ICA-GLM results. Despite the causal mechanism, an analysis referring to an ICA estimate of task response would be less influenced by unpredictable modifications of the BOLD signal intensityϪtime course.
Analysis of sensitivity revealed that ICA-GLM performed better in detecting language-related BOLD activity of only the left TPJ. With the GLM, activation of this region was only observed in 27/42 patients. This confirmed the greater difficulty of the GLM in detecting BOLD activity in the posterior compared with anterior areas and the superior performance of the hybrid approach. The fact that a significant difference was observed only in patients and not in controls suggested that ICA-GLM was less influenced by pathologic modifications of cortical and behavioral responses. Therefore, it is particularly suited for clinical populations (Fig 3) .
The use of ICA in ICA-GLM may reduce an artifactual contribution because the selected ICA maps are related to brain activity only. 33 The selective activation of languagerelated voxels also accounts for the significantly lower dependence of ICA-GLM on statistical thresholds used for determining the LI. This property has a profound clinical value by permitting the rapid and reproducible identification of the dominant hemisphere in patients (Fig 5) . Accordingly, differences obtained between ICA-GLM and the GLM, in particular in terms of MLI, could be related to better quality of the ICA-GLM maps. The differences obtained were not particularly evident at the single dataset level. In this regard, the MLI analysis quantified the improvement achieved by ICA-GLM.
Nonetheless, the differences in MLI obtained with the GLM and ICA-GLM were not statistically significant in the control group but were in the patient group. This indicated a greater flexibility of ICA-GLM, and, consequently, a greater effectiveness in detecting task-related activations when real brain response did not match the ideal one. These results are in agreement with a previous study conducted by Quigley et al, 38 who qualitatively compared ICA and the GLM and recommended the use of ICA when patients either incorrectly performed the task or moved during data acquisition.
To calculate the LIs, we entered all active voxels of each hemisphere, thus bypassing difficulties that would have been encountered positioning predetermined regions of interest in patients with modified/obliterated anatomic structures or landmarks induced by tumors. 30 Therefore, we determined hemispheric dominance for language on the basis of interhemispheric differences of activated voxels at variable statistical thresholds. 22 Language was definitively lateralized to the left/dominant hemisphere as opposed to a decreased number of patients with nonlateralized language (Fig 4) . We interpreted this shift from nonlateralized to left-lateralized as secondary to recruitment of BOLD signal intensity in the affected hemisphere, which resulted from the use of ICA-GLM (attributable to a decrease in type II errors). 9 As a counterpart to a decrease in type II errors, the use of the ICA-GLM method may affect specificity if the ICA-based template deviates significantly from the GLM predictor. In this condition, the activation maps may include regions not related to language functions. To control for the risk of incurring in a type II error, we verified that the first IC and the task predictor were always significantly correlated and that in those patients having the lowest correlation, the chosen IC was still able to detect activation of the classic regions for speech. However, we affirm the need for a visual inspection of ICA-based templates, especially in patients with low correlation coefficients, to verify the overall correspondence between the template and the classic language network topography.
Tumor size, location, and grade did not influence lateralization. This might be related to he following: 1) Low-and high-grade gliomas are equally slow-growing lesions compared with the time required for brain plasticity; 2) tumor size mainly influences the type of intrahemispheric functional reorganization (local/distant to classic language regions) but not interhemispheric redistribution of functions 30 ; and 3) we can also hypothesize that tumor size did not influence lateralization because patients with aphasia (perhaps reflecting larger tumors) were excluded from this study. Furthermore, any effect related to the type of task was excluded. Differences in language lateralization were only due to the data analysis method. However, in the patient group, the comparison of the GLM and ICA-GLM yielded significant differences only with VGt and not with WGt. This result is in agreement with a previous study in which tasks requiring semantic processing, such as VGt, were considered the most reliable predictors of laterality.
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Conclusions
We propose ICA-GLM as a valid alternative to the classic GLM method for mapping language regions and assessing language lateralization in patients with tumors, on the basis of 2 main findings: First, ICA-GLM was more sensitive in detecting BOLD activity in eloquent areas for language. Second, ICA-GLM provided greater LIs toward the dominant hemisphere and more consistent results across different statistical thresholds. The latter point is of extreme importance because a single subject analysis is required for mapping protocols in patients. Future studies on various clinical populations will be needed to test whether ICA-GLM should always be applied in clinical studies.
